The heating and evaporation of automotive fuel droplets are crucial to the design of internal combustion engines and to ensuring their good performance. Accurate modelling is essential to the understanding of these processes and ultimately improving engine design. The interest in fossil-biodiesel fuel blends has been mainly stimulated by depletion of fossil fuels and the need to reduce carbon dioxide emissions that contribute towards climate change. This paper presents an analytical investigation into the application of discrete component model for the heating and evaporation of multi-component fuel droplets to several blended diesel-biodiesel fuels. The model considers the contribution of all groups of hydrocarbons in diesel fuel and methyl esters in biodiesel fuels. The main features of new application to the analysis of blended-fuel droplets in engine-like conditions is described. The model is applied to several blends of diesel, combining 98 components of hydrocarbons, and 19 types biodiesel fuels, combining up to 17 species of methyl ester, considering the differences in their chemical levels of saturation, and thermodynamic and transport properties. One important finding is that some fuel blends, e.g. B5 (5% biodiesel fuel and 95% diesel fuel), can give almost identical droplet lifetimes to the one predicted for pure diesel fuel; i.e. such mixtures can be directly used in conventional diesel engines with minimal, or no, modification to the droplet break-up process.
Introduction
Renewable sources of energy, such as biodiesel fuels, have been of great interest to scientists and public in the last decades due to depletion of fossil fuels and impact on global warming [1, 2] . Also, compared to fossil fuel, biodiesel fuel has several advantages: it has less carbon dioxide emissions, higher flash point, higher lubricity and it is cost effective; in addition, the blend of diesel-biodiesel fuels can be used in diesel engines with minimal/no modifications [3, 4] . The delay in processes preceding the onset of combustion (mainly the heating and evaporation of fuel droplets) in the internal combustion engines is crucial to the design and performance of these engines [5, 6] . However, the complexity of modelling these processes should be taken into account as it involves detailed physics of heat transfer, mass transfer and fluid dynamics associated processes. In this paper, the discrete component model (DCM) (see [5] [6] [7] ) is utilised to analyse the droplets heating and evaporation of diesel-biodiesel fuel blends. These blends are represented by a mixture of 19 types of biodiesel fuels with up to 17 species of methyl ester (see [8] for more details) and diesel fuel, formed of 98 hydrocarbons (see [7] for more details). The thermodynamic and transport properties of diesel fuel are inferred from [7] ; while for properties of biodiesel fuel are taken from [9] . The contribution of species and average droplet temperatures are taken into account in the calculation of all properties in the liquid phase. The vapour mixtures are treated as ideal gases.
Model and fuel compositions
Following [10, 11] , the analysis of droplets heating and evaporation processes is made in application to several blends of diesel and biodiesel fuels. In contrast to previous approaches, the discrete component model (DCM) (described in [5, 12] and validated experimentally in [13] ) is used for this analysis; and the model is applied to a broad range of diesel-biodiesel fuel fractions. The mixture of EU diesel fuel with 19 types of widely used biodiesel fuels have been investigated. These are: Tallow Methyl Ester (TME), Lard Methyl Ester (LME), Butter Methyl Ester (BME), Coconut Methyl Ester (CME), Palm Kernel Methyl Ester (PMK), Palm Methyl Ester (PME), Safflower Methyl Ester (SFE), Peanut Methyl Ester (PTE), Cottonseed Methyl Ester (CSE), Corn Methyl Ester (CNE), Sunflower Methyl Ester (SNE), Soybean Methyl Ester (SME), Rapeseed Methyl Ester (RME), Linseed Methyl Ester (LNE), Tung Methyl Ester (TGE), Hemp-oil Methyl Ester, produced from Hemp seed oil in Ukraine (HME1), Hemp-oil Methyl Ester, produced in European Union (HME2), Canola seed methyl ester (CAN) and Waste cooking-oil Methyl Ester (WCO). Droplets with four fractions of diesel-biodiesel blends have been investigated in the DCM; these are 5% biodiesel with 95% diesel fuels (B5), 20% biodiesel with 80% diesel fuels (B20), 50% biodiesel with 50% diesel fuels (B50), pure biodiesel (B100) and pure diesel fuels (PD). The DCM is based on the analytical solutions to the heat transfer and species diffusion equations via the Effective thermal conductivity model (ETC) and Effective Diffusivity model (ED). The importance of these models can be attributed to the fact that they take into account the recirculation, temperature gradients and species diffusion inside droplets. The heat conduction equation for the temperature = ( , ) in the liquid phase in a spherical droplet can be presented as:
where = ff ⁄ is liquid thermal diffusivity, ff , and are the effective thermal conductivity, liquid density, and liquid specific heat capacity, respectively, is the distance from the centre of the droplet (assumed to be spherical), is time. ff is linked with the liquid thermal conductivity via the following equation [14] :
where is the coefficient of recirculation, which varies between 1 and 2.72 (see [15] for details about the calculation of this coefficient). The diffusion of mass fractions ( ) of liquid species in a spherical droplet is described by the following equation:
where the diffusion coefficient of liquid species is linked with the liquid diffusion coefficient by the following equation of the Effective Diffusivity (ED) model [6, 11] :
where is the recirculation coefficient for species diffusion. The analysis of droplets evaporation is based on the following expression:
where is the binary diffusion coefficient of vapour in gas (air), = + is the total density of mixture of gas and vapour, is the Spalding mass transfer number:
are the vapour mass fractions and are densities of vapour, in the vicinity of droplet surfaces ( ) and at a large distance from them (∞), respectively, Sh iso is the Sherwood number for isolated droplets defined as [15, 16] .
where Re = 2 is the Reynolds number, S C d = is the liquid Schmidt number, is the kinematic viscosity of liquid, and is the maximal liquid velocity near the surface of the droplet, calculated using the Abramzon and Sirignano [15] approach as:
where ∆ = | − | and = 12.69
is the drag coefficient, and are the gas and droplet velocities, respectively. The partial vapour pressure of species at the surface of the droplet is calculated based the following expression:
where is the molar fraction of ℎ species in the liquid near the droplet surface, is the activity coefficient and * is the saturated vapour pressure of species (in the absence of other species).
The thermodynamic and transport properties are inferred from [7] for diesel fuel; while those for biodiesel fuel are inferred from previous calculations in [9] . All properties are averaged based on molar contribution of species and average droplet temperatures. The mixtures are treated as ideal gases. As in previous studies [7, 10, 11] , blended fuel vapour is assumed to diffuse from the surface of the droplet, without changing its composition, based on averaged binary diffusion of diesel fuel vapour into dry air.
Results
The discrete component model (DCM) described in the previous section is facilitated for the analysis of heating and evaporation of diesel-biodiesel fuel droplets of initial radius 0 = 12.66 m and temperature 0 = 360K. The droplets are moving at 10 −1 in still air of pressure and temperature equal to 30bar and 800K, respectively. This assumption is compatible with those used in [17] . The evolutions of droplet surface temperatures ( ) and radii ( ) for three mixtures of diesel-biodiesel fuels (B5, B20, B50) and pure biodiesel fuel (B100) of 19 types of biodiesel fuels are analysed. Figures 1-6 show some typical examples of the analysed blends of diesel-biodiesel. Droplet surface temperatures and radii versus time for four fractions of CME biodiesel fuel: B5, B20, B50 and B100, using the same ambient conditions and input parameters as in Figure 1 . versus time for four fractions of RME biodiesel fuel: B5, B20, B50 and B100, using the same ambient conditions and input parameters as in Figures 1-3 . In Figures 1-6 , one can see that increasing the concentration of biodiesel from B5 to B100 has a noticeable effect on the evolution of R d and T s for TME, CME, PME, RME, TGE, and CAN biodiesel fuels. In addition, the predicted surface temperature of the droplet for B100 is higher than that of B5 during the initial heating period. According to [10] , the droplet break-up process can be enhanced as a result of the increase in droplet surface temperature. This can be attributed to the decrease in droplet surface tension. A full illustration of the results provided in Figure 1 -6 are shown in Table 1 . The droplet lifetimes of 19 types of biodiesel fuels mixtures with PD and their deviations from the one predicted for PD (2.25ms) are presented in this table. As can be seen from Table 1 , the droplet lifetime for B100 of RME fuel is 6% less than that of PD. This reduction does not exceed 0.4% for the B5 fuel blend for the same fuel. Also, droplet lifetime of TGE biodiesel fuel droplet are noticeably close to that of PD droplet; it is less than 8% and 0.5% for B100 and B5 mixtures, respectively. The maximum deviation in droplet lifetimes for these fuels are up to 21. 6% (B100 CME), which cannot be sacrificed in any engineering application, and it is always higher than 5.29% (RME) compared to PD, which may be tolerated in some limited engineering applications. A typical example of time evolutions of mass fractions at the surface of droplets ( ) of selected nine species of B50 fuel mixture of diesel with RME and CME are shown in Figures 7 and 8 , respectively.
Figure 7.
The liquid mass fractions at the surface of droplet ( ) versus time for selected 9 components of 106 components of B50 (50% diesel hydrocarbons and 50% rapeseed methyl ester (RME)) fuel mixture. Figures 1-6 . Figure 8 . The liquid mass fractions at the surface of droplet ( ) versus time for selected 9 components of 106 components of B50 (50% diesel hydrocarbons and 50% coconut methyl ester (CME)) fuel mixture. The red coloured curves 1, 2 and 3, refer to alkane hydrocarbons of C 27 H 56 , C 25 H 52 and C 23 H 48 , respectively; and the blue curves 4, 5 and 6, refer to cycloalkane hydrocarbons of C 27 H 54 , C 25 H 50 and C 23 H 46 , respectively; and the black curves, 7, 8 and 9, refer to rapeseed methyl esters of As can be seen from Figures 7 and 8 , the diffusion of mass fractions of components at the surface of droplets are typical and similar to those presented in previous studies. The mass fractions of the heavy components, e.g. C 27 H 56 , C 27 H 54 (1, 4), increase with time at the expense of the lighter ones. This result is compatible with the findings presented in [7, 11, 18] . In some previous studies (e.g. [10, 17] ) the heating and evaporation of PD droplets and their comparison to the results of diesel-biodiesel blends were analysed. For instance, in [17] the droplet lifetime for B100 of WCO was shown to be 11% less than that of PD. While in [10] , the droplet lifetime for B100 of SME fuel was shown to be 6 % less than that for PD. In this study, similar trends were predicted for the same fuels. This prediction, however, was different for the other types of biodiesel fuel presented in this paper. For example, the B100 droplet lifetimes for CME and PMK biodiesel fuels showed deviations of 21.6% and 18%, respectively, from that of PD. A general trend shows that droplets' lifetimes of all 19 types of B5 diesel-biodiesel blends that are used in this study deviate with less than 1% from the one predicated for PD droplets. This concludes the possibility of labelling dieselbiodiesel blends, with up to about 5% biodiesel concentration, without modifying the automotive system achievable. For some fuel blends (e.g. B20 RME, TGE, LNE, and HME1), this deviation (up to 2%) is still relatively negligible to mix higher biodiesel concentrations (e.g. 20% biodiesel and 80% diesel fuels) without losing the main feature of these processes (i.e. droplet lifetime). The difference in thermodynamic and transport properties between hydrocarbons and methyl esters is the main reason for the influence of biodiesel fuel fractions on the heating and evaporation of diesel fuel droplets. For instance, when increasing the biodiesel fractions, the droplet surface temperature tends to reach a plateau during the evaporation process, which is similar to the case of single component model (see [7, 13] ). Also, the significance of such behaviour can change depending on the input parameters and ambient conditions.
Conclusion
In this analysis, the discrete component model was used to analyse the heating and evaporation of blended dieselbiodiesel fuel droplets using 19 types of biodiesel fuel. The full compositions of diesel and biodiesel fuels were considered. The diesel fuel consisted of 98 hydrocarbons and the 19 biodiesel fuels, TME, LME, BME, CME, PMK, PME, SFE, PTE, CSE, CNE, SNE, SME, RME, LNE, TGE, HME1, HME2, CAN and WCO, consisted of 11, 8, 14, 8, 11, 10, 4, 8, 7, 8, 7, 7, 8, 6, 7, 13, 7 , 12 and 14 components of methyl esters, respectively. The effect of increasing biodiesel fuel concentration on the evolutions of droplet surface temperature and evaporation time was clearly illustrated. The predicted B5 fuel droplet lifetimes for the 19 types of biodiesel fuel were only 1% less than that of pure diesel fuel (PD). The RME biodiesel fuel droplets were observed to have lifetimes close to that of PD, where their predicted lifetimes for B5 and B100 droplets were up to 6% and 0.4%, respectively, less than the one estimated for PD droplet. To conclude, the B5 fuel droplet lifetimes for all 19 types of biodiesel fuels used in this study are almost identical to the one predicted for PD; i.e. diesel fuel can be possibly blended with up to 5% biodiesel fuel without any noticeable effect on the evolutions of their radii or temperatures.
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